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electricity production. Carbohydrate fuel cells are electrical fuel cells that can harvest the stored
electrons in carbohydrates and offer a cheap and efficient method that could help solve growing
energy demands, while providing a renewable green energy source. Viologen-mediated
carbohydrate fuel cells have demonstrated the ability to accelerate carbohydrate oxidation while
decreasing partial or incomplete oxidation products reducing the electricity production.
Subsequent studies suggested polymeric viologen compounds could improve the efficiency by
increasing the local concentration of viologen. This thesis presents the utility of surfaceimmobilized viologen mediators for the oxidation of simple carbohydrates. Methyl viologen
formed a self-assembled monolayer on a gold electrode surface to enhance its electrocatalytic
oxidation of dihydroxyacetone, fructose, and glucose. The thiolated viologen formed surface
adsorbed films on the gold electrodes that where consistent with monolayers and were
characterized by quartz crystal microbalance and cyclic voltammetry. Cyclic voltammetry
indicated that carbohydrates can generate electricity when combined with methyl viologen.
Monolayer formation of methyl viologen indicates that immobilized mediators can be used to
enhance oxidation of simple carbohydrates to generate electricity. This same tethered mediator
strategy could be used for other mediators to increase their electrochemical efficiency in
carbohydrate fuel cells.
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1. INTRODUCTION
Projections of worldwide energy demand show a need for greater and more efficient
methods of energy production in the coming years. Electrochemical technologies are but one of
many solutions and play a vital role in the future of energy storage and production from chemical
fuels.1 Advancement in electrochemical technologies will allow for new ways to generate and
store energy. Traditionally, fuel sources had to directly interact with an electrode for electricity
production to occur, but new mediators allow for indirect interactions opening the way for
innovation and novel production methods furthermore, mediators can accelerate the rate of
reactions involved in electricity production. Renewable electricity produced from carbohydrates
has tremendous potential and could offer a cheap, efficient, and practical energy source, because
of the abundant carbohydrate molecules found in nature. This process to extract energy from
carbohydrates could be possible and economical using through fuel cells and electron mediators.

To better understand electron mediators, a base understanding of electrochemical fuel
cells is necessary. Electrochemical fuel cells convert chemical energy into electrical energy.
They consist of an anode and a cathode with an electrolyte connecting them, while oxidation
occurs in the anode compartment and reduction in the cathode compartment. The oxidation of
glucose by oxygen can occur in alkaline conditions within a variety of pH ranges and
temperatures allowing for greater flexibility with design.2 Fuel cells are used in many things such
as power stations, computers, and medical equipment. Several common fuel cells are described
below to illustrate the evolution of fuel cells and explain how our research fits into this.
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Figure 1. General schematics of fuel cells A) Proton exchange membrane fuel cell B) Redox flow fuel
cell C) Mediated fuel cell with mediators for anode and cathode1

Proton Exchange Membrane Fuel Cell (PEMFC)
The most common fuel cell is the proton exchange membrane fuel cell, which exchange
converts energy directly on the surface of the anode and requires oxygen to interact directly on
the cathode for an electron sink. This conversion is done by oxidation of the chemical fuel H2 at
the anode and reduction of O2 at the cathode. Electrons flow from H2 through the circuit to the
O2. To balance the charge transfer through an external circuit, protons move across a membrane,
the most common being a Nafion membrane (sulfonated fluoropolymer), and combine with the
O2 and electrons producing water. Most systems need this membrane to be hydrated to allow for
the charge transfer to occur and must find a way to keep it hydrated. This is sometimes done by
using O2 and H2 gas diffusers to produce water to maintain this hydration.
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O2 is the most common reductant used in fuel cells, this is due to its availability and H2O
being a byproduct. Pt offers long term stability, high activity, and selectivity when reducing O2
to H2O. Making Pt and O2 ideal for most PEMFCs systems for our research. Due to the high cost
of Pt, cheaper alternatives are being sought out. It is estimated that 40% of the fuel cell cost is a
result of Pt electrodes. 3 Pt could potentially be substituted with similar electrodes such as Au.

Although PEMFC’s is the simplest of designs, and most other designs are modeled or
altered versions of the proton exchange membrane design. Aspects of the design to note with
these cells are that they must have fuel constantly pumped into them, and if water is generated at
the cathode, it must be removed, this is to avoid flooding the catalyst with water. Due to water
having to be removed higher temperatures can’t be regulated easily, and the typical operation
temperature is ≤100 °C. In traditional fuel cells water management is a key challenge for fuel
cells. To work properly PEMFCs must have a hydrated membrane to facilitate proton transport
from anode to cathode, typically this is done by H2 and O2 gas diffusors. Because water is
generated as a part of the reaction, rehydration of the membrane is unnecessary.

Anion Exchange Membrane Fuel Cells (AEMFC’s)
Very similar to PEMFC’s are anion exchange membrane fuel cells.1 The biggest
difference being the membrane electrolyte will conduct anions instead of protons. PEMFC’s are
continuing to be studied. This is important because some fuel cells operate under basic
conditions where OH- ions carry the current in solution.
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Redox Flow Battery (RFB)
Redox flow batteries are another example of electrochemical devices that are used to
produce electrical energy through electron transport from molecules and dissolved ions. A
typical redox flow battery consists of two compartments, one houses the cathodic species while
the other tank hosts the anodic species. A semipermeable membrane will separate these two
species allowing protons and ions to transfer while still preventing the species from mixing. Each
compartment can have its fuel replenished by pumping in new solutions for each compartment.
This allows for more fuel types to be used while being able to provide a constant flow of fuel.
The ability to continuously provide fuel is a significant advantage over the PEMFCS, however
this makes them subject to high toxicity and corrosivity of the electrolyte. Another factor is that
this type of cell is limited by the H+ /H2O reduction potential, as well as operating at fairly high
costs.

Mediated Fuel Cells (MFC)
A third class of fuel cells has become more popular in recent years and is the mediated
fuel cell (MFC). The MFC design is a combination of PEMFC and RFB.1 It usually involves a
dissolved mediator that can be regenerated in a location separate from the electrode. This
regeneration can be achieved by supplying a fuel which will reduce the mediator due to its low
potential state then having O2 oxidizes the high potential mediator, this process generally
4

involves a catalyst for both processes. Because they can be constantly supplied with a fuel and
oxygen (or any other oxidant) they can produce a consistent flow of energy, similarly to an RFB
cell. Mediated fuel cells allow for pairing of a mediator that will act as an electrocatalyst to speed
up the oxidation of carbohydrates which are typically very slow reactions. Several other potential
advantages that mediated fuel cells have over traditional fuel cells are given in the following
sections.

Enabling the use of challenging fuel cells.
The original reason mediated cells where explored as a fuel cell was because they could
use alternative fuel sources. 4 Mediated fuel cells focus on moving the oxidation of fuel away
from the anode allowing for greater flexibility. This flexibility allows for the use of nonconventional, and more difficult fuel sources to be used. For example, contaminants containing
sulfur, nitrogen, and carbon monoxide can now be used as fuel instead of being a waste
byproduct. Fuels such as coal, biomass derived cellulose or lignin have all been demonstrated as
possible fuels for these types of cells. 1

Another advantage of moving this oxidation away from the electrode is it allows for
milder conditions, allowing alteration of the experimental conditions, (pH, temperature, salt
concentration) without damaging the electrode. The electrocatalyst acts as a mediator between the
fuel and electrode which can help lessen sticking, or further poisoning of the electrode. Milder
conditions open the way for more complicated alcohols (methanol being the simplest)
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and heterogenous fuel sources, such as coal, or biomass derived from lignin, or cellulose, which
for traditional fuel cells could be difficult to activate at the electrode 5.

Overcoming challenges with oxygen reduction reactions
One of the major disadvantages of traditional fuel cells is that a high amount of surface
interaction is required on Pt electrodes.1 For high current flow you need to overcome the strict
spatial requirements allowing for more surface area interaction with the Pt electrode. Pt
electrodes are expensive and account for a large portion of costs (roughly 40%)6 in proton
exchange membrane cathodes. Mediated fuel cells use O2 for reduction because of the easy
access to an abundant supply which allows for the reduction to be moved into an off-electrode
compartment and be optimized separately instead of having it directly connected with the
electrode. This allows for better optimization and does not impede the overall performance.1 It
also does not limit the amount of catalyst that can be used.1

Opportunities to improve the overall system performance
Although there are more components to a mediated fuel cell this does not mean it is more
complex. Because of the lower operating temperatures and the use of only liquid and solid phase
materials one can leave out the need for humidifiers that typically rehydrate the membrane.
Because mediated fuel cells employ aqueous membranes and operate at much lower temperatures
(<150 °C) this offers more flexibility in design. By using aqueous and mediator solutions that
can act as a heat absorber, the need for gas humidifiers to rehydrate the membrane
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is unnecessary. The ability to regulate the temperature is why cathode mediated systems are
favored over anode systems for liquid fuels. 5

Increase performance by reducing kinetic barriers to electron transfer
Active polarization is the loss in cell voltage at low current densities that is caused by
kinetic barriers for oxidation and reduction to occur. When catalytic reduction of O2 is performed
directly on the surface of the electrode active polarization occurs. Similar issues arise when
oxidation occurs directly at the anode. Mediators with faster electrochemical kinetics can be
chosen to minimize the loss due to polarization on the anode and cathode minimizing the voltage
loss. 5

Carbohydrate Fuel Cells
Carbohydrates are earth’s most abundant biomolecules, and a main source of energy for
our bodies. These biomolecules offer tremendous potential for cheap and renewable energy if
they can be manipulated to produce electricity. The first proof of this concept was performed 30
years ago7. It showed the potential for carbohydrates to be directly converted into electricity, and
the concept has been periodically expanded on as a clean safe source for renewable energy.
Carbohydrates can be oxidized electrochemically in the presence of oxygen according to the
following equation.2, 8
Anode:
Cathode:

C6H12O6 + 36OH− → 6CO32− + 24H2O + 24e−

Eox = +0.93 V

6O2 + 24e− + 12H2O → 24OH−

Ered = +0.52 V
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Net Reaction:

C6H12O6 + 12OH− + 6O2 → 6CO32− + 12H2O

Enet = +1.45 V

This reaction is a thermodynamically favored process in the presence of oxygen,9 but the
electron transfer kinetics are slow, requiring the use of an electron-transfer catalyst or mediator.
Despite the kinetics complicating the ability to harness chemical energy stored in glucose, a
growing library of systems that expedite the conversion of carbohydrates into electricity has been
developed in the recent years.

Biotic Carbohydrate and Enzymatic Fuel Cells
One form of a carbohydrate fuel cell that have emerged is biotic carbohydrate fuel cells.
Biotic fuel cells use living organisms to harvest the electrons from carbohydrates and have a
potential for sustainable energy production. A problem with this class of living organisms is over
long periods of time electrode poisoning can occur, preventing their application in long term
devices. This erosion hinders the long term electrical current production of these systems.
Enzymatic fuel cells employ biological catalysts to oxidize carbohydrates1 in a simpler and less
environmentally damaging way. These enzymes are expensive and susceptible to denaturing over
time,1 but these challenges can be dealt with by periodic replacement of the anode. Abiotic
carbohydrate fuel cells can be designed under more controlled specifications to avoid the
problems of typical biological oxidation.1 Rather than operation under the complex biological
matrix of biofuel cells, which tend to be poor matrices for electrochemical processes necessary
for the transferring of electrons, an abiotic fuel cell is a cell that uses entirely synthetic
components to perform oxidation. My fuel abiotic fuel cell uses methyl viologen as its oxidizer.
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2. METHYL VIOLOGEN FOR DIRECT CARBOHYDRATE FUEL CELL
I aimed to create a new kind of mediated fuel cell that could generate electricity from
carbohydrate molecules with the help of an electrocatalyst. The electrocatalyst of interest in this
thesis is a family of molecules called viologens. Viologens are organic mediators that have found
success in carbohydrate fuel cells because of their ability to harvest carbohydrate electrons.10
These compounds are redox active and can oxidize carbohydrates in alkaline conditions
(pH>10). When carbohydrates are combined with methyl viologen into fuel cells a spontaneous
current density on the order 200 mA/cm2 can in theory11 be obtained. In practice in non-ideal
conditions the maximum current generated is well below the theoretical maximum of ~200 mA/
cm.2 Further inspection revealed the oxidation of carbohydrates was incomplete (<40%), and a
broad distribution of partially oxidized reaction products remained 10. Wheeler found that
partially oxidized byproducts are unable to undergo further oxidization, resulting in a degraded
viologen mediator and dead-end side reaction pathway. To avoid these side reactions and to
increase carbohydrate oxidation the Viologen amount was increased by to 15 equivalents relative
to carbohydrates, which resulted in near complete oxidation while avoiding the dead-end side
reactions.10 This proved to be not very efficient, considering the amount of catalyst required (15x
stoichiometric equivalent), but demonstrated that high concentrations of viologen improve
efficiency of this reaction.

Later work looked at the effect of polymeric systems2, 9 that created high local
concentrations while leaving the overall concentration of viologen much lower. High local
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concentrations of methyl viologen via polymeric viologen compounds was a viable approach to
improve the oxidation efficiency by increasing the local concentrations without increasing
overall concentration of the viologen mediator. Through macromolecules with multiple
viologens the local concentration can be increased resulting in improved reaction and current
generation. (from <50% to >80%) 2, 9 indicating a promising strategy to improve the
carbohydrate oxidation. However, these polymers would irreversibly precipitate at higher
concentrations, making them difficult to reoxidize and be recovered for later reactions. This
difficulty made them impractical for use in fuel cells. To avoid precipitation while maintaining a
high local surface concentration, viologen was physiosorbed12 on carbon electrodes by
electrostatic adsorption of the mediator.12 These electrodes demonstrated electrocatalytic
oxidation of carbohydrates, with significantly higher power density when compared to similar
devices with homogenous unbound viologen mediators. Previous study2, 12 also observed
significant decrease in products of these partially oxidized reactions when compared to
homogenous mediator devices.12 Despite the reversible nature of the immobilized monolayers,
these results confirmed that one can enhance catalytic efficiency for immobilized viologen
mediators.

To summarize; electrocatalysts such as methyl viologen in fuel cells have two major
weaknesses. First, viologen is an electron acceptor that can accept electrons from carbohydrates
like glucose, but it is not efficient: it can’t access all 24 electrons out of glucose, which results in
a lot of partially oxidized products that can’t be further oxidized. Secondly, untethered viologen
is not easy to recycle and so must be used in significant stoichiometric excess rather than
catalytically used in a fuel cell where the fuel solution flows through the anode compartment.
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To deal with the problem of slow reactions at the electrode surface the use of monomeric and
polymer viologens was previously explored.4 To completely oxidize the carbohydrate with
monomeric viologen, an excess amount was needed. To reduce the amount of viologen required
but still provide high local concentrations of viologen, polymeric viologen compounds were
used, which made the oxidation more efficient by completely oxidizing the carbohydrate.
Viologen polymer was effective at producing a higher current,3 but the viologen polymer would
irreversibly precipitate out of solution preventing its long-term use. To maintain the high local
concentration but and decrease precipitation, methyl viologen was tethered to the surface of an
electrode by chemisorption. Figure 2 is a schematic of my experimental design.
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Figure 2. A schematic diagram of the electrochemical cell showing the self-assembled monolayer of the
thiolated viologen derivatives on the gold anode. Carbohydrates (C xHyOz) in the anaerobic EQCM-D cell
are oxidized by the surface-immobilized viologen derivatives, which transfer their electrons to the gold
anode. The viologen-mediated carbohydrate oxidation is coupled to the reduction of oxygen from
ambient air on the platinum cathode.
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3. EXPERIMENTAL DETAILS
The experiment was conducted in three phases: first the creation and characterization of
monolayer, the introduction of a carbohydrate, and then analysis by electrochemical techniques.
The absorption of the monolayer onto the surface is to maintain high local concentration and
prevent it from precipitating out. By forming a monolayer with the mediator, the kinetics can be
increased while minimizing the damage to the electrodes. Methyl viologen formed self-assembled
monolayers on the gold anodes, then were characterized by quartz crystal microbalance to
determine if a stable monolayer had formed.

Materials. Aqueous solutions were prepared from reagents purchased from commercial vendors
and were stored and used according to supplier recommendations: sodium phosphate (EMD
Chemicals); methyl viologen (Acros Organics); dihydoxyacetone (DHA, TCI America); glucose
(dextrose, EMD Chemicals); fructose (ADM). Bromide salts of thiolated viologen derivatives
(0V10SH, 1V10SH, and 1V4SH) were synthesized according to known procedures.13, 14 Deionized
water was prepared from a commercial water purification system (Synergy UV-R, Millipore).
Sodium phosphate buffer solution (0.25 M Na3PO4) was adjusted to pH=11 with HCl and sparged
with nitrogen for 2 hours to remove oxygen.

Preparation of Self-Assembled Monolayers. Formation of self-assembled monolayers was
monitored by quartz crystal microbalance (QCM, Nanoscience Instruments, Inc.), using gold
coated silicon crystals with a surface area of 1.0 cm2 (QSX301) in an electrochemical QCM
(EQCM) cell. The sensor crystals were cleaned with 2% Hellmanex III; deionized water (rinse);
isopropyl alcohol; deionized water (rinse); and finally dried under a stream of nitrogen. The
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sensors were then cleaned by RF plasma treatment under a reduced ambient air pressure using a
commercial plasma cleaner (PDC-32G, Harrick Plasma). For measurements, the standard error of
the normalized change in resonant frequency is <0.3 Hz for all overtones. Data were analyzed
using commercial software (Qtools, Nanoscience Instruments, Inc.). Self-assembled monolayers
were formed on gold QCM sensors after first equilibrating the sensor in 10 mM NaCl and then
pumping 0.5 mM thiolated viologen in 10 mM NaCl into the sensor chamber and incubating for
at least 10 minutes, or until the Δf of the QCM response was less than 0.5 Hz·min-1. Following
incubation, and characterization by QCM, the viologen solution was replaced with N2-sparged
0.25 M sodium phosphate buffer solution (pH=11), followed by the same buffer solution with the
desired carbohydrate (DHA, glucose, or fructose) at the desired concentration.

Electrochemical Measurements. The EQCM cell was allowed monitor the formation of the
monolayer and to perform electrochemical experiments in an oxygen-free environment. In
addition, the experiments were conducted at pH=11 and room temperature, constrained by the
EQCM cell I was using. Nevertheless, the electrochemical cell allowed me to assess the
performance of the Au/viologen anode for generating an electrical current due to the viologenmediated oxidation of carbohydrates. The EQCM cell served as the anode compartment and was
connected to an electrochemical analyzer (CHI600, CH Instruments) serving as an ammeter, with
either a bare or monolayer-coated gold sensor surface as the anode (Figure 2). The cathode
compartment consisted of a platinum counter-electrode with a geometric surface area of 21 cm2 in
an open-top vial containing 0.25 M sodium phosphate buffer solution (pH=11) equilibrated with
atmospheric oxygen. Dimethyl viologen requires basic conditions (pH>11)9 in order to optimally
catalyze the oxidation of carbohydrates, but at higher pH it is prone to decomposition. 15
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Additionally, the gold coating on QCM sensors can be sensitive to high pH. Therefore, pH=11
Na PO buffer was chosen to strike a balance between optimal viologen catalysis conditions,
mediator degradation, and QCM equipment compatibility. For current measurements, N2-sparged
buffer solution containing the desired carbohydrate was pumped into the anode compartment. The
removal of oxygen was necessary to facilitate the transfer of electrons from the carbohydratereduced viologen to the gold electrode and through the ammeter, rather than to oxygen directly
which would result in wasted electron transfer. The anode compartment (EQCM cell) was then
connected ionically to the cathode compartment containing the platinum cathode and oxygenated
0.25 M sodium phosphate buffer (pH=11) solution via polyethylene tubing (0.64 mm diameter)
filled with N2-sparged buffer. I measured and compared the short-circuit current between the anode
and cathode of the electrochemical cell under different experimental conditions. Although the
surface area of the gold anode was 1.00 cm2, I found that the ion flux through the tubing that
connected the anode compartment to the cathode compartment was limiting the maximum
observed short-circuit current. Therefore, to calculate current density I normalized the measured
short-circuit current to the limiting cross-sectional area of the tubing that conducted ions between
the two compartments, 3.2×10-3 cm2.

4. ELECTROCATALYTIC OXIDATION OF CARBOHYDRATES VIA SURFACEIMMOBILIZED VIOLOGEN
My goal was to successfully build a fuel cell that utilizes carbohydrates as a fuel source.
To accomplish my goal, I immobilized methyl viologen via absorption onto gold electrodes. The
experiment was run in a QCM-D electrochemical cell. My carbohydrate dihydroxyacetone was
introduced in, and I measured the current generated. The first step is to prove that a greater
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current can be generated from a carbohydrate’s interaction with my electrocatalyst. The fuel cell
will be constructed in two steps the first being forming a stable monolayer in similar aqueous
conditions as the fuel cell. We formed the monolayer from methyl viologen modified with alkane
thiols. The modified methyl viologen compounds were provided by Pradip Bhowmik’s research
group at the University of Nevada, Las Vegas.13, 16 The monolayers were characterized with a
quartz crystal micro balance (QCM-D).

(1)

∆ = −

QCM-D can convert a frequency change into a mass change through the Sauerbrey equation
(Equation 1), allowing me to determine when methyl viologen forms a monolayer as well as
monitoring its stability. The second step would be to introduce a carbohydrate and monitor the
current produced. After a monolayer has formed via thiol bonds to the electrode, the system was
flushed with a 10 mM salt solution to remove any floating free viologen. Figure 2 is a schematic
of our experiment.

Monolayer Formation and Characterization To determine the electrocatalytic activity of
tethered viologen compounds, I prepared monolayers of 0V10SH, 1V10SH, and 1V4SH (Figure
3) on gold electrodes surface from aqueous solutions of bromide salts. The monolayer self-
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assembly onto the gold coated silicon sensor crystal, was monitored by change in resonant
frequency c by QCM-D. From (Δf) I calculated the mass density and absorption of the molecules
using a simplified version of the above Sauerbrey equation:

(2)

=−

Figure 3. Representative QCM-D measurements (normalized to the 3rd overtone, i.e. Δf = Δfmeasured/3) for
the adsorption of 0V10SH (A), 1V10SH (B), and 1V4SH (C), from 0.5 mM solutions in 10 mM NaCl at 20
°C showing the frequency shift. Also shown are the thiol-terminated alkylbipyridinium (viologen, V)
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derivatives used to prepare self-assembled monolayers on gold surfaces, designated as nVmSH, where n
and m are the lengths of the alkyl chains on either side of V.

Relating the change in overtone normalized resonant frequency, Δ to the mass adsorbed
onto the surface, m using the mass sensitivity of the sensor crystal, C = 17.7 ng·Hz-1cm-2 for my
sensors. The molecular density was calculated by dividing adsorbed mass by the molar mass of
the adsorbate (Table 1).

Table 1. Surface density and molecular coverage for viologen monolayers.

a

molar mass

Δf

coverage

density

(g·mol-1)a

(Hz)b

(mol·cm-2)

(molecules·cm-2)

0V10SH

365.0

4.5(1.6)

2×10-10

1×1014

1V10SH

415.6

8.3(0.7)

3.5×10-10

2.1×1014

1V4SH

331.4

7.6(0.4)

4.1×10-10

2.4×1014

Including chloride counterions. b From QCM-D data for the 3rd overtone;

standard error of the mean from at least 3 measurements in parenthesis.

All monolayers assembled in densities on the order of 10

molecules·cm-2, and are consistent

with monolayer densities previously reported for viologen derivatives found in the literature. 17

I prepared the monolayers from viologen mediators with Br− counterions that exchanged
with Cl− counterions in 10 mM NaCl solutions. The electrochemical cell conditions where (pH 11,
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0.25 M Na PO ) for monolayer formation, but my results were not reproducible and indicated
generally lower density monolayers that were statistically indistinguishable from bare gold
surfaces after repeated runs. This may be related to the exchange of Br− or Cl− counterions with
PO43− from the buffer, possibly changing the composition and the stability of the resulting
monolayers. Indeed, the presence of a large counterions (ionic radii of Cl−, Br−, and PO43− are
0.181, 0.196, and 0.238 nm, respectively) 18 is known to significantly affect the surface density in
monolayers of ionic surfactants, including the viologen-derivatives. 17 Nevertheless, these results
indicate the formation of monolayers, and the successful tethering of electrocatalytic viologen
derivatives onto the gold electrode surface.
Electrocatalytic Activity of Different Monolayers. The second step is to be able to produce a
current from carbohydrate oxidation. What has been shown in literature is how the body uses
carbohydrates as fuel source. Previous work saw success producing current with
dihydroxyacetone when testing various carbohydrates. It was hypothesized that a change in the
structure of the mediator used to prepare a self-assembled monolayer could affect the
electrocatalytic activity of carbohydrate oxidation. I specifically looked at the length of the
alkane tether and mono- versus dialkylated viologen. To test the alkanes length I measure the
short circuit current in model electrochemical cells using 10 mM dihydroxyacetone (DHA) as a
carbohydrate source (Figure 4) using different monolayers as the mediators.
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Figure 4. Short-circuit current monitored for monolayers prepared on the gold anode from 0V10SH (red
trace ♦), 1V10SH (green trace⏹), and 1V4SH (blue trace✶) in the presence of a degassed solution
containing 0.25 M sodium phosphate buffer (pH=11) and 10 mM dihydroxyacetone (DHA) at 20 °C,
compared to a control run without DHA (black trace) and a control without any monolayer (gold electrode
only in the presence of 10 mM DHA, gold trace). The average of all runs is plotted with 95% confidence
intervals.

I found that monolayers made from methylated viologen, with either long (1V10SH) or
short (1V4SH) linkers, exhibited an averaged short circuit current of 1.2 and 0.93 μA (0.38 and
0.29 mA·cm-2). These measured currents did not meet statistical requirements to be deemed
distinguishable from each other at the 95% confidence level, reflecting deviations due to variability
in monolayer formation. Interestingly, the controls performed using bare gold electrodes also
caused measurable short-circuit currents of 0.4 μA (0.13 mA·cm-2), indicating that the gold surface
alone was, to some degree, oxidizing DHA.19 Nevertheless, the surfaces coated with
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dialkylviologen derivatives significantly outperformed the gold-only controls with no adsorbed
monolayer under the same conditions.

Previously, monomethyl viologen was suggested as a potential mediator for carbohydrate
oxidation in fuel cells because its reduction potential (−0.81 mV vs. SHE) was closer to the
reduction potential of the carbohydrates in alkaline solution (−0.93 mV vs. SHE at pH=12).20 On
the other hand, methylation was also shown
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to greatly affect the kinetics of the reaction. I

investigated the utility of monoalkylated viologen (0V10SH) as a tethered mediator then compared
it to the dialkylated viologen monolayers. Using 10 mM dihydroxyacetone as my carbohydrate
source, the monocationic viologen derivative (0V10SH) produced a current of 0.6 μA (0.19
mA·cm-2). However, this measured current was not significantly different from the average current
generated under identical conditions using a bare gold anode as a control. Indeed, the monolayer
made from 0V10SH produced currents that varied widely in between runs. These results reflect
the inconsistent monolayer formation as characterized by QCM (see above), making me unable to
statistically distinguish monoalkylated viologen mediated oxidation from my control runs.

Nevertheless, these results indicate that immobilized dialkylated viologens are in fact able
to enhance the electrooxidation of DHA compared to bare gold or monoalkylated viologen
monolayers, even in our unoptimized electrochemical cells. In addition, the tether length showed
no statistically significant difference in carbohydrate oxidation current at the 95% confidence
level. Because 1V4SH gave more consistent results (i.e. lower 95% confidence intervals for
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repeated runs) than 1V10SH, then a shorter chain derivative was the standard monolayer for
subsequent experiments (Figure 4).

Figure 5. Short-circuit current monitored for 1V4SH monolayers prepared on the gold anode in the
presence of a degassed solution containing 0.25 M sodium phosphate buffer (pH=11) and 10 mM of
different carbohydrates at 20 °C: dihydroxyacetone (DHA, blue), glucose (purple) and fructose (pink).
For comparison, control experiments for each carbohydrate on bare gold (i.e. no monolayer): DHA
(yellow), glucose (green), and fructose (red). All runs plotted with 95% confidence intervals.

Effect of DHA Concentration. The tethered monolayer system is based on the theory of
creating a high local ratio of mediator to carbohydrate: surface immobilized viologen was
expected to create the high local concentration of mediator to prevent undesirable side-reaction
pathways that cannot perform additional electrochemistry. However, the global carbohydrate
concentration is expected to affect the current output up until the catalytic turnover becomes the
rate limiting step. To assess the effect concentration of carbohydrate fuel had on my fuel cell I
experimented with various concentrations of DHA (Figure 6). I observed a 1.5-fold increase in
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current when doubling the concentration of carbohydrate. However, only a slightly higher
increase in current was seen when increasing the carbohydrate concentration up to 100-fold.
This could indicate that I reached our mediator saturation point – the anode surface area limited
current – or another unknown rate limiting factor.

Figure 6. Short-circuit current monitored for 1V4SH monolayers prepared on the gold anode in the
presence of a degassed solution containing 0.25 M sodium phosphate buffer (pH=11) and various
concentrations of dihydroxyacetone at 20 C: 0 mM (black), 10 mM (blue), 20 mM (purple), 100 mM
(pink). For comparison, a control experiment on bare gold (i.e. no monolayer) with 10 mM DHA
(yellow). All runs plotted with 95% confidence intervals.

Limitations to Short-Circuit Current. I theorized that my electrochemical cell could be anode,
cathode, or resistivity limited. An anode limited cell would mean that I was measuring the
maximum current produced by my monolayer and would give me valuable information about
the kinetics of my tethered monolayer catalytic system. Cathode or resistivity limited systems
would indicate that I am not assessing the full efficiency of my tethered monolayer system and
are instead measuring some inefficiency in the cathode compartment of my electrochemical cell.
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Given that my cathode had roughly 20× the surface area of my anode it less likely that this is
limiting the reaction. However, the cathode was far from optimized and the concentration of
dissolved O , the kinetics of the platinum mediated O reduction, or the kinetics of oxygen
diffusion could still be a limiting issue. The most likely cause for resistivity limitation in my cell
is my highly inefficient salt bridge due to how long and narrow it is.
My model electrochemical cell utilized a rudimentary salt bridge: a 40 cm long QCM cell tubing
with a cross-sectional area significantly smaller than the surface area of the anode – to bridge
my cathode to my anode. The dimensions of this tubing then become important when
considering the limiting ion flux: ion resistance through our electrochemical cell is directly
proportional to length and inversely proportional to cross sectional area.

In an ideal electrochemical cell, the salt bridge accommodates a very large flow of ions, so as
not to limit the performance of the cell. Yet my rudimentary design, constrained by my efforts
to characterize the monolayer using QCM, is certainly limited by my salt bridge. In order to
show that my cell ion flow was limited by the salt bridge I reduced the length from 40 cm to 20
cm and observed a 1.5-fold increase in cell current (Figure 7). It is unclear if this resistance is
the limiting factor in reaching currents higher than 1.5 A, or some other effect. However, it does
show my salt bridge limits the flow of ions in my electrochemical cell. This also means that
current density can be calculated using the salt bridge cross-sectional area as the limiting ion
flux. In order to compare my electrochemical cell to literature values I calculated a current
density using the ion flux through the salt bridge as the ion limiting value. I calculated a current
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density of 0.5 mA/cm , an order of magnitude lower than reported using optimized fuel cell
designs.

Figure 7. Short-circuit currents comparing different salt bridge lengths using 1V4SH monolayers in
0.25 M sodium phosphate buffer (pH=11) at 20 °C: 40 cm salt bridge with (blue +) and without (gold
+,---) the monolayer; 20 cm salt bridge with (purple ∘) and without (green ∘,---) the monolayer. DHA
negative control (black (...)) The average of all runs was plotted with 95% confidence intervals.

Comparison to Free-Viologen. I wanted to be able to compare my tethered monolayer system
to a more traditional homogeneous viologen solution where the mediator is in solution with
my carbohydrate fuel. Because my electrochemical cell isn’t optimized I compared my results
to homogeneous viologen in the same system (Figure 8). My tethered viologen did seem to
outperform homogeneous viologen when used at comparable mediator concentrations (i.e., the
number of methyl viologen molecules in solution was comparable to the number of 1V4SH
molecules immobilized on the surface). However, this only became significant at higher
temperatures. Additionally, when homogeneous viologen was used at 10-fold higher levels it
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was found to produce currents not different from my tethered mediator system to be
considered statistically different. It appears that I may once again have reached another kinetic
limit with my electrochemical cell design.

Figure 8. Short-circuit currents comparing 1V4SH to homogeneous viologen using 10 mM DHA in N2sparged 0.25 M sodium phosphate buffer adjusted to pH=11 at 20 °C (Left) and 50 °C (Right). 1V4SH
monolayer (blue +); homogeneous viologen (purple ◦; 10−6 M viologen, equivalent to the amount of
1V4SH in the tethered viologen experiments); homogeneous viologen (green ♦, 10−5 M viologen); DHA
negative control (black, …); monolayer negative control (gold, ---) The average of all runs was plotted
with 95% confidence intervals.

Other areas to test would be to try with different types of polymers, and other
electrocatalysts. Further exploration of electrocatalysts such ferrocene, quinone or others that
have the potential to fill the gap as something that can be tethered to my gold surface to form a
monolayer, and suitable for electrochemistry characterization.

One factor that still needs to be explored is the formation factors of the monolayer of my
electrocatalyst onto the surface of the electrode. I expect that if I increase the monolayer
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formation that this will give me a greater current due to an increase in reactions between methyl
viologen and my carbohydrate dihydroxyacetone. No direct correlation has been seen from
monolayer formation from preliminary data, but further study is needed to rule it out as a
possible factor.

5. CONCLUSIONS AND BROADER IMPACTS

Conclusion
My results suggest that immobilized viologen mediators can generate electricity from
carbohydrates, a renewable fuel source as characterized by cyclic voltammetry. Each of the
viologen mediators formed surface adsorbed films on gold electrodes, that where consistent with
monolayers, as characterized by quartz crystal microbalance. I found that by tethering the
electrocatalyst to the surface I could prevent unwanted precipitation while maintaining a high
local concentration. The results indicate that electricity can be generated from carbohydrates
when paired with an immobilized mediator. Furthermore, that they produced a greater current
when compared to their free counterparts.

One of the largest drawbacks to my approach as well, is the resistance resulting from my
salt bridge, which could easily be remedied in a fully optimized fuel cell that used viologenmodified anodes. In addition, I demonstrated Au-thiol chemistry to immobilize viologen at the
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anodes surface. Our modified anodes are built using gold, an expensive precious metal that is
prone to poisoning by the adsorption of oxidation products. My anodes do not require precious
metals to work in principle. I felt that my results satisfied me enough at this stage to conclude
that the monolayer did not poison the electrodes but enhanced the carbohydrate oxidation.
Instead of gold electrodes other conducting materials with covalently immobilized viologen
could performed similarly, for example by forming SAMs on nickel or copper substrates.

These results suggest that mediators immobilized on the electrode surface can enhance
oxidation of carbohydrates to generate electricity from renewable sources without significantly
poisoning the electrode. I anticipate this same strategy of tethered-mediator can be optimized
further and adapted to other mediators to increase the electrochemical cell efficiency and enable
long-lasting durable anodes that would use renewable carbohydrate fuels to generate electricity.
Broader Impacts
As technology and energy demand increases so does the need for cheap renewable
electricity. Concern has also been raised over the impact of industrial processes on the
environment. Industrial waste and byproducts need to be safely disposed or stored; this results in
increased costs. The process of being able to use waste as an energy source would not only
lessen the environmental impact but lower costs. This process of converting biomass into fuel
would be sustainable which would lessen the overall impact on the environment.

The ability to use carbohydrates as a fuel source could lead to new medical
advancements. Equipment that runs on carbohydrates in the body as fuel could allow for in situ
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testing, treatment, or internal medical devices, while expediting the overall diagnosis process,
resulting in more tests and earlier detection of medical conditions.
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